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Abstract: New experiments on wave overtopping at smooth dikes with crown walls were carried out 
in the small-scale wave flume of the University of Bologna in breaking and non-breaking wave 
conditions. The experiments were focused on the analysis of the wave loads acting along the crown 
walls, with specific attention to the effects induced by the inclusion of a sloping parapet on top. 
Different off-shore slopes, dike crest widths, crown-wall heights and dike crest freeboards were 
considered. A parametric analysis of the variation of the pressure distribution along the wall is 
performed, highlighting that a relevant role is played by the crest width under breaking waves. 
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1 Introduction  
Coastal and harbor structure maintenance and upgrade are nowadays required along large stretches of 
coastlines to face the increase of storm frequency and intensity and the sea level rise induced by 
climate change (Burcharth et al., 2014). To reduce costs and aesthetic impact, a possible solution is 
the use of crown walls with parapets, which have been shown to effectively reduce the wave 
overtopping discharge without requiring significant works (Van Doorslaer et al., 2015; Zanuttigh & 
Formentin, 2018).  
In case of vertical walls, Oumeraci et al. (1993) first identified four different types of wave impacts 
based on the breaking / non -breaking wave condition and on the air entrapment. After this work, 
many other studies were carried out, see the extensive literature review by Plumerault et al. (2012). 
Among others, Bullock et al. (2007) and Plumerault et al. (2012) investigated respectively with large 
scale experiments and Rans-Vof modelling the effects of the air pocket on the position of the 
maximum pressure values along the wall and on the pressure oscillations with time.  
In case of a parapet on top of a vertical wall, Martinelli et al. (2018) and Castellino et al. (2018) 
carried out small scale experiments and numerical modelling under non-breaking waves. They 
concluded that the inclusion of the parapet increases the pressure along the crown wall due to the 
impulsive pressures enhanced by the confined return flow. 
This paper aims at systematically analyzing the effects induced by a parapet on the pressure 
distributions along the crown walls of smooth dikes, under breaking and non-breaking waves. Other 
specific objectives are to examine the influence of other geometric parameters on the pressure 
distribution such as: the dike crest width, the dike freeboard, the wall height, the dike slope. 
The work is based on new experiments of wave overtopping recently carried out in the wave flume 
of the Hydraulic Laboratory of the University of Bologna (Zanuttigh & Formentin, 2018). This first 
campaign was focused on the analysis of the wave overtopping events aiming at calculating the wave 
overtopping discharge (q), while the second campaign presented in this contribution for the first time 
aims at completing the previous analyses by coupling the results on q with the investigation of the 
wave loads acting along the crown walls. The contribution is organized as follows. Section 2 describes 
the experimental facility, the measurements and the tests, including the structure geometries and the 
wave attacks. Section 3 outlines the methodology of analysis with particular focus on the statistical 
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and on the maximum values of the pressures and on the negative measured values. Section 4 presents 
the parametric analysis of the pressure distributions along the crown walls, with and without the 
parapet. Section 5 draws finally the conclusions and further work. 
2 Experimental setup and tested configurations 
2.1 Laboratory facility  
The experiments were conducted the wave flume of the Hydraulic Laboratory of the University of 
Bologna, which is 12 m long, 0.5 m wide and 1.0 m deep. The wave flume is equipped by a piston-
type wave-maker which can generate regular and irregular wave attacks, with a maximum significant 
wave height Hs of approximately 0.06 m and a maximum wave length Lm-1,0 of ≈3 m. The water depth 
h at the wave-maker should not exceed 0.4-0.45 m. All the experiments consisted of irregular waves, 
characterized by a Jonswap spectrum with a peak enhancement factor γ=3.3, wave heights Hs in the 
range 0.05-0.06 m and spectral wave periods Tm-1,0 in the range 0.85-1.45 s, giving wave steepnesses 
sm-1,0 ≈ 0.03-0.04.  
 
The instruments installed in the wave-flume for the experiments consisted of: 
• 4 resistive wave gauges (wgs), characterized by a sample frequency of 100 Hz and used to record 
the time series of the free-surface elevation; the first 3 wgs were placed at approximately 
1.5∙times the maximum Lm-1,0 (≈3 m) to reconstruct the incident and reflected waves, based on the 
methodology proposed by Zelt & Skjelbreia (1992). The last wg was installed above the crest of 
the structures (see Sub-section 2.3) to measure the thickness of the overtopping layer. 
• 3 pressure transducers characterized by the following mean features: sample frequency of 1 kHz; 
range of measurement from 70 mbar to 700 mbar; accuracy ±0.04% full scale; diameter of 25 
mm, with internal diameter of 3 mm for the effective measurement of the pressures. 
• A recirculation system, composed by a recirculation conduit, a pump and a flowmeter. 
• A full HD camera employed to film the wave run-up and overtopping processes. 
 
The full scheme of the wave flume with reference to the position of the wave gauges can be found in 
Zanuttigh & Formentin (2018). 
2.2 Cross-sections and measurements  
All the tested structures consisted of plain, smooth dikes with a finite crest width (Gc) and crown wall 
at its inshore edge. The crown walls are built with and without a parapet. Figure 1 provides a 
schematic representation of the typical cross-section, with reference to the symbols used to describe 
the main structural and hydraulic parameters. Note that a simplified notation is adopted in the present 
contribution to characterize the geometry of the structures, with respect to the standardized 
schematization suggested by the EurOtop (2018) manual. The dike offshore slope (α) is constant from 
the toe to the crest, the crest is horizontal and placed at the still water level (Ac=0) or emerged (Ac>0). 
The water depth in front of the structure (wd) is the same at the wave maker, as no foreshore, toe or 
berm is included.  
Exactly in correspondence of the middle of the dike crest (i.e. at Gc/2), a wg was installed to record 
the free surface elevation of the overtopping events, allowing the reconstruction of the overtopping 
layer thickness. To measure the wave loads along the crown walls, the 3 pressure transducers – 
namely P1, P2 and P3 – were installed at 3 different positions along the wall, and specifically: P1 at 
the basis of the wall, P3 in correspondence of the basis of the parapet (both in case the parapet is 
present or not) and P2 in the middle between P1 and P3. These positions – detailed in Figure 2 for the 
2 wall heights configurations, hw=0.04 and 0.05 m and shown in the picture of Figure 1 – were kept 
constant for all the tests. The axes of the pressure transducers were installed perpendicularly to the 
wall itself facing directly the incident waves. P2 was set in the mid front section of the wall, while P3 
and P1 where placed to the left and to the right of P2 and as close as possible to the center, to avoid or 




Fig. 1. Scheme with hydraulic and structural parameters of the tested configurations.  
 
Fig. 2. Front and cross sections of the 2 crown walls configurations (hw=0.04 and 0.05 m, respectively) tested in the lab 
with reference to the position of the pressure transducers P1, P2 and P3. Measures in m. 
2.3 Tested configurations 
Overall, 128 tests were carried out in scale 1:20. The hydraulic and structural features of the tested 
configurations reproduce exactly the tests conducted within the previous campaign of experiments on 
wave overtopping at dikes with crown walls and bullnoses by Zanuttigh & Formentin (2018). The 
wave attacks, characterized by Hs=0.05 or 0.06 m and sm-1,0=0.03 or 0.04, were performed against 4 
basic dike configurations, whose cross-sections differ for Gc=0.15 or 0.3 m, and/or cot(α)=2 or 4. 
Above each dike, was installed a vertical crown wall (wall heights hw=4 or 5 cm) with or without the 
parapet. The geometry of the parapet was fixed and characterized by a value of the parapet to wall 
height ratio hn/hw=λ=0.375 and of the parapet inclination ε=30°.  
All the structures were 0.35 m high plus the crown wall heights hw (so, 0.39 or 0.40 m) and were 
positioned at the same distance of 10.75 m from the wave maker (considering the dike off-shore crest 
edge). Each dike configuration was tested at 2 crest-freeboard conditions, Ac/Hs=0 or 0.5, giving total 
freeboard conditions Rc/Hs (see Figure 1) in the range 0.67-1.50. The 128 tests are the result of the 
combination of all the structural/hydraulic configurations obtained by varying each of the following 
parameters singularly: Ac/Hs, Hs, sm-1,0, Ac/Hs, Gc, cot(α), hw, inclusion of the parapet.  
The summary of the tested configurations is given in Table 1. The experiments include both 
breaking and non-breaking waves, where the value of the Iribarren-Battjes breaker parameter ξm-1,0 
varied between 1.23 and 4.0. Figure 3 shows 2 frames of an overtopping event and the consequent 
wave impact against the crown wall during the test Ac/Hs=0.5, Hs=0.05 m, sm-1,0=0.03, Gc=0.15 m, 
cot(α)=2, hw=0.05 m with parapet, as an example of a non-breaking wave. 
Tab. 1. Summary of the target conditions of the 128 experiments. 
Ac/Hs 0  0.5 
Hs [m] 0.05; 0.06 0.05; 0.06 
sm-1,0 [-] 0.03; 0.04 0.03; 0.04 
cot(α) [-] 2; 4 2; 4 
Gc [-] 0.15; 0.30  0.15; 0.30  
hw [-] 0.04; 0.05 0.04; 0.05 
parapet (ε, λ) no; yes (30°, 0.375) no; yes (30°, 0.375) 










3 Analysis of the wave pressures 
3.1 Analysis and classification of the wave signals 
Oumeraci et al. (1993) proposed a method to classify the type of the wave impacts for seawalls based 
on the distance between the breaking point and the wall: the lower the distance, the lower the 
entrapment of air pockets due to the turbulence induced by the wave breaking and – generally – the 
higher the magnitude of the pressure peak. Many studies demonstrated that the pressure peaks at walls 
are strongly affected by the amount of air pocket entrapment (Plumerault et al., 2012).  
Considering the values of ξm-1,0=1.23-4.0, the tested conditions present breaker types varying from 
plunging (ξm-1,0<2.0-3.0) to surging (ξm-1,0>2.0-3.0). As long as Ac=0, it is assumed that the breaking 
point occurs before the structure crest, in case of plunging breaker, while it may be closer or rightly in 
front of the crown wall, in case of surging breaker. This hypothesis is indeed verified by the visual 
examination of the wave impacts: Figures 3 and 4 show consecutive frames of two overtopping events 
reaching the crown wall respectively in broken conditions and breaking before the crown wall. The 2 
events correspond to 2 tests at Ac=0 and respectively characterized by plunging and surging break 
types. In case of Ac>0, the wave breaking always occurs along the dike slope in the wave run-up 
phase, before the wave reaches the crest. In such conditions, the flow over the crest is fully broken, 
with a significant level of air pocket entrapment.  
 
In summary, according to Oumeraci et al. (1993), the tested conditions can be classified as: 
• impact type “c”: plunging breakers, with small air pocket entrapments, in case of Ac=0 and  
ξm-1,0<2.0 (tests carried out with cot(α)=4);  
• impact type “d”: surging breakers, where the wave hits violently against the wall before breaking 
and it is upward deflected, in case of Ac=0 and ξm-1,0>2.0-3 (tests carried out with cot(α)=2); 
• impact type “a”: broken waves, where a turbulent bore flow impacts the wall, in case of Ac>0. 
 
 
Fig. 3. Consecutive frames of an overtopping event reaching the wall in broken flow conditions (plunging breaker). 
Test Ac/Hs=0.0, Hs=0.05 m, sm-1,0=0.03, Gc=0.30 m, cot(α)=4, hw=0.05 m. 
 
Fig. 4. Consecutive frames of an overtopping event breaking rightly in front of the wall (surging breaker). Test 
Ac/Hs=0.0, Hs=0.06 m, sm-1,0=0.03, Gc=0.30 m, cot(α)=2, hw=0.04 m with parapet.  
Examples of the different pressure signals associated to the 3 breaker types are given in Fig. 5. The 3 
charts show 3 different impact events associated to: a surging breaker (panel a); a plunging breaker 
(panel b); a fully-broken wave (panel c). In each panel, the 3 differently-coloured plots correspond to 
the p-signals recorded at P1, P2 and P3. For all the tested conditions, P2 (orange signals) appears to be 
the most stressed pressure transducer, as it is subjected to the maximum pressures and it is reached by 
the wave impact before the other transduces. Except for this common thread, the p-signals and values 




• The surging breaker presents a sharp spike in the pressure variation, associated to the violent 
impact against the wall (pmax≈2 kPa). The impact is followed by a pressure trace that reproduce 
the typical “church spire” shape, where the quasi-hydrostatic pressure is clearly visible and the 
ratio pmax/ph,q>2.5. In case of P2, pmax/ph,q≈5: this very high ratio value can be explained by 
considering that, in case of small scale tests, the pressure peaks might be significantly 
overestimated, if the Froude similarity law is adopted (Cuomo et al., 2010, a).  
• The plunging breaker shows a pressure peak pmax that is at least 4 times lower than the peak 
associated to the surging case. The pressure signal after the impact in case show relatively slow 
and damped oscillations, which – according to Bullock et al. (2007) – are due to a significant 
amount of air pockets entrapped in the plunging breaker and which induce alternative expansions 
and compressions of the air. The ratio pmax/ph,q is included between 1 and 2.5. 
• The impact subsequent to a broken wave is significantly slower, with respect to the other cases, and 
presents a relatively modest pressure peak (pmax ≈250 Pa). The impact is followed by slow and 
damped oscillations, revealing a huge amount of bubble entrapped. The ratio pmax/ph,q is definitely <1.  
 
In all the plots, sub-atmospheric values of p immediately after the impacts can be observed, similarly 
to the findings by Bullock et al. (2007), during their large-scale tests at seawalls.  The authors 




Fig. 5. Time series of the pressures recorded at P1, P2 and P3 during 3 experiments with parapet relative to: surging 
breaker conditions (panel a, Test Ac/Hs=0.0, Hs=0.06 m, sm-1,0=0.03, Gc=0.30 m, cot(α)=2, hw=0.05 m), plunging 
breaker conditions (panel b, Test Ac/Hs=0.0, Hs=0.05 m, sm-1,0=0.03, Gc=0.30 m, cot(α)=4, hw=0.05 m) and 
broken wave conditions (panel c, Test Ac/Hs=0.5, Hs=0.05 m, sm-1,0=0.04, Gc=0.30 m, cot(α)=4, hw=0.05 m).  
3.2 Statistical assessment of the wave pressures 
The design forces can be calculated by integrating along the crown wall height the corresponding 
maximum and quasi-hydrostatic pressures, pmax and ph,q. In the literature, the ph,q values are generally 
estimated through the p250 values (Cuomo et al., 2010, b): this p250 estimator has to be evaluated as the 
average of the highest N/250 impact events, where N is the number of waves of the test time series.  
Following the literature approach, the p250 values have been calculated for each test and for each 
pressure transducer. Table 2 collects the average p250-values for the whole database (column 
“average”) and for the datasets of tests at cot(α)=2 and cot(α)=4. The values have been made 
dimensionless through the group (ρgHs), where Hs is the significant wave height measured in channel. 
For each dataset, Table 2 also compares the p250-values to the corresponding average pmax values. Tab. 
2 indicates that pmax can be 3-6 times p250, i.e. significantly >2.5. Generally, the higher differences 
between pmax and p250 are found at P2 and P3 and in case of c2. The high values of pmax/p250 can be 
explained by: 
 
• the effects of the small scale of the experiments, which induce overestimated maximum pressures 
(Cuomo et al., 2010, a); 
• the presence of sub-atmospheric negative p-values, which were not discarded from the statistical 



















Tab. 2. Dimensionless average values of p250 and pmax at P1, P2 and P3.  
Pressure transducer p250/(ρgHs) [-] pmax/(ρgHs) [-] 
 average cot(α)=2 cot(α)=4 average cot(α)=2 cot(α)=4 
P1 1.72 1.91 1.58 7.29 7.95 7.43 
P2 2.06 2.37 1.83 10.11 11.24 9.99 
P3 1.43 1.69 1.23 7.68 8.47 7.73 
4 Parametric analysis of the results 
4.1 Shape of the vertical profiles  
Based on the statistics of p calculated at P1, P2 and P3 (see Section 3), the vertical profiles of the 
pressures along the walls have been reconstructed for each tested configuration. An example of the 
results is reported in Figure 7, which compares in each panel the vertical profiles of the dimensionless 
values p250/(ρgHs) calculated for a series of tests characterized by the same “basic” structure 
configuration c4-w5. In each panel of Fig. 6, the 4 graphs refer to the same wave attack and the same 
Ac/Hs, while they differ each other for Gc (0.15 and 0.30 m, respectively orange and green lines) and 
for the absence or presence of the parapet (continuous and dashed line, respectively). The 4 different 
panels are meant to be compared each other and present separately and in the order: the effects of 
Ac/Hs, which is increased from 0 (panel a) to 0.5 (panel b); the effects of the sm-10, which increases 
from 0.03 (panel a) to 0.04 (panel c); the effects of Hs, which varies from 0.05 (panel a) to 0.06 
(panel d).  
 
 
Fig. 6. Vertical profiles of the dimensionless p250 values at P1, P2 ad P3. Comparison between the same tests with and 
without parapet (same colour, continuous and dashed lines, respectively) and between the same tests with 
Gc=0.15 and 0.30 m (orange and green colour, respectively). Panel a: structures at Ac/Hs=0; panel b: structures 






























































The first evidence from Fig. 6 is represented by the shape of the vertical distribution of the p-values, 
which is strongly dependent on the crest freeboard conditions of the structure.  
In case of structures at zero-freeboard (Ac/Hs=0, see panels a, c and d of Fig. 6), the peak of the 
wave loads is always found in correspondence of P2, i.e. in the mid-section of the vertical wall 
between the basis and the lower edge of the parapet. This result is quantitatively confirmed by the 
average values of p250/(ρgHs) and p1000/(ρgHs) reported in Tab. 2: in both cases, the statistical values of 
p are sensibly higher (≈+20-40%) at P2 (p250/(ρgHs)=2.06, pmax/(ρgHs)=10.11) than at P1 
(p250/(ρgHs)=1.72, pmax/(ρgHs)=7.29) and at P3 (p250/(ρgHs)=1.43, pmax/(ρgHs)=7.68). This result, 
which is evident also in the example p-signals of Fig. 6, can be explained by considering the different 
dynamics of the wave overtopping and wave impact phenomena induced by the presence of the crest 
width. The frames of the overtopping and impact event reproduced in Fig. 4 show that, after 
propagating along the dike crest (1
st
 frame), the overtopping tongue impinges on the crown wall in 
correspondence of P2 (2
nd
 frame). When the wave reaches P3 (3
rd
 frame), it is already broken and has 
dissipated part of its energy, as it is evident by the relevant presence of air pockets due to the air 
entrainment. 
In emerged conditions (Ac/Hs=0.5, see panel b of Fig. 6), the shape of the vertical distribution does 
not show the peak at P2 but presents a triangular distribution, with the maximum at the basis of the 
crown wall (P1) and the minimum in correspondence of the basis of the parapet. This shape may recall 
a hydrostatic-shape distribution, though the nature of the pressures is impulsive. Actually, the 
triangular shape is the result of the averaging of all the impacts during the test. Since the averaging is 
done considering the whole duration of the test, and since the number of wave impacts decreases from 
P1 to P3 due to the lowering number of waves reaching P2 and P3, the higher part of the wall is less 
frequently hit by the waves and more often unloaded, resulting in lower average p250 values.  
The distribution of pmax is reported in Fig. 7 for the same 4 tests of Fig. 6-b. Differently from p250, 
pmax is not affected by the frequency of occurrence of the wave impacts and the vertical distribution of 
Fig. 7 shows again the peak at P2, confirming that the mid-section of the crown wall is the most 
stressed. This phenomenon does not affect the statistics of p at Ac/Hs=0 because in this case the run-up 




Fig. 7. Vertical profiles of the dimensionless pmax values at P1, P2 ad P3 for the same tests of Fig. 6-b.  
4.2 Breaking and broken waves 
This Sub-section focuses on the effects of structural and hydraulic parameters on the distribution of 
the wave pressures along the crown wall in case of breaking waves. It has been verified that all the 64 
tests carried out with the dike slope c4 present breaking wave conditions, being ξm-1,0=1.23-1.94. The 
vertical profiles of p250/(ρgHs) illustrated in Fig. 6 are representative of most of the tests in breaking 
conditions, and are therefore used here as example cases for the analyses. Table 3 synthesizes the 
values of p250/(ρgHs) i) on the whole dataset (column “cot(α)=4”); ii) by grouping the data into tests 
with and without parapet (columns “wall”-“wall+p”); iii) by grouping the test based on Gc =0.15 or 
0.30 m; iv) by grouping the tests according to Ac/Hs=0 or 0.5. 
Based on the example case of Fig. 6 and on the results reported in Tab. 3, the following 
















• The structure crest width determines a significant reducing effect of the wave pressures at any 
structure configuration and wave attack. The propagation of the overtopping flow along the crest 
width seems to be affected by a non-negligible friction effect. The reduction induced by Gc=0.30 
m with respect to the same test at Gc =0.15 m (see Tab. 3) is almost constant along the crown wall 
height and on average ≈60-70%.  
• All the plots in Fig. 6 indicate that the reducing effect of Gc tends to be more pronounced if 
combined with the parapet (orange lines). In many cases (see panels a, c and d of Fig. 4), the 
structures with Gc =0.30 m and parapet (dashed green lines) show lower pressures than the same 
structures with Gc =0.30 m without parapet (continuous green lines).  
• The inclusion of the parapet does not induce a systematic effect on the pressure trend, neither at 
the basis of the parapet (P3) nor along the crown wall (P2, P1). By comparing the same structures 
under the same wave conditions, in some cases it is found that the wave loads are higher in 
presence of the parapet and in other cases without it. As it can be appreciated by the average 
values reported in Tab. 3, there are no substantial differences in the statistics of p250 in case of 
wall (1.53, 1.80 and 1.20 at P1, P2, P3, respectively) and wall with parapet (1.60, 1.78, 1.20). 
This result can be explained considering that the flow reaches the crown wall in fully-broken 
conditions (see Fig. 5), i.e. far from the impulsive nature of the non-breaking flow determining 
huge impact loads in case of recurved walls (Kortenhaus et al., 2003; Castellino et al., 2018).  
• The values and the vertical distribution of the wave loads vary significantly between structures at 
zero-freeboard (panels a, c and d) and structures in emerged conditions (panel b). The discussion 
about the shape of the profile in case of Ac/Hs=0 and 0.5 is already given in Sub-section 4.1. As 
for the entity of the wave loads, it can be appreciated from Fig. 6 that in case of Ac/Hs=0.5, the 
p250 values are reduced of 15-100%, according to the position of the pressure transducer (the 
higher the position, the higher the reduction) and the structure configuration. The values of Tab. 3 
suggest that the average reduction varies from 15% at P1 to 50% at P3.  
• The wave steepness and the wave height seem to play pure scale effects (compare Fig. 6-a to Fig. 
7-c for sm-1,0 and Fig. 6-a to Fig. 7-d for Hs) on the values and trends of p250: the vertical profiles 
are simply translated towards lower and higher values for higher sm-1,0 and Hs values, respectively.  
 
Overall, the most affecting parameter seems to be Gc, even if the experiments have been carried out 
against smooth structures. From a practical point of view, this result suggests that, in case of breaking 
waves, relatively modest enlargements of the structure crest widths could significantly reduce the 
wave loads acting on the crown walls.  
 
Tab. 3. Dimensionless average values of p250 at P1, P2 and P3. Average values among the whole 
dataset of tests at cot(α)=4 (column “average-cot(α)=4”) and comparisons between: structures 
with and without parapet (columns “wall”-“wall+p”); structures with Gc=0.15 and 0.30 m; 
tests at Ac/Hs=0 and 0.5.  
Pressure  
transducer 
p250/(ρgHs) [-], tests at cot(α)=4 (broken waves) 
average – cot(α)=4  wall wall+p Gc=0.15 m Gc=0.30 m Ac/Hs=0 Ac/Hs=0.5 
P1 1.56 1.53 1.60 1.91 1.22 1.70 1.43 
P2 1.79 1.80 1.78 2.19 1.38 2.18 1.40 
P3 1.20 1.20 1.20 1.45 0.95 1.52 0.88 
4.3 Non-breaking waves 
The tests characterized by the slope cot(α)=2 include non-breaking waves only, with values of  
ξm-1,0=2.38-4.03. Fig. 8 presents a few representative examples of the vertical profiles of p250/(ρgHs) 
for a selection of tests with the same basic structure configuration cot(α)=2, hw=0.04 m. Each panel 
presents the same wave attack (Hs, Tm-10) and the same value of Ac/Hs, while the graphs differ each 
other for Gc (0.15 and 0.30 m, respectively blue and grey lines) and for the absence or presence of the 
parapet (continuous and dashed line, respectively). The panels (a) and (b) are meant to show the 
effects of Ac/Hs, which is increased from 0 (panel a) to 0.5 (panel b). The effects of sm-1,0 and Hs are 
not considered because there is no relevant difference with respect to the case of breaking waves (see 
Fig. 6).  
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The average values of p250/(ρgHs) obtained on the whole dataset of tests at cot(α)=2 are reported in 
Tab. 4. The main difference between the breaking and non-breaking wave conditions is represented by 
the effect of parapet. Fig. 8 and Tab. 4 (columns “wall”-“wall+p”) clearly show that the parapet in 
case of non-breaking waves induces a systematic increase of the pressures along the whole vertical 
section of the crown wall. With respect to the same structure configuration and wave conditions, the 
entity of the increase of p due to the inclusion of the parapet ranges in average between 50 and 70%, 
reaching and exceeding in some cases the 100%.  
The determination of higher impulsive pressures and forces along recurved seawalls, compared to 
vertical walls, is a well-known phenomenon (Kortenhaus et al., 2003; Castellino et al., 2018) and it is 
related to the impulsive nature of the impact. When the waves reach the dike crest and impinge on the 
crown wall in non-broken conditions, the parapet blocks the overtopping flow of the surging waves, 
causing a sudden stop of the water mass horizontal momentum and generating a pressure shock wave. 
This phenomenon is evident in the frames of the overtopping event in Fig. 4. The increase of the wave 
pressures is modest in case of dikes (50-70%) with respect to seawalls (up to 2 times for breaking 
waves and even 10 times for surging non-breaking waves) due to the wave energy dissipation caused 
by the wave run-up and the wave propagation along the structure crest. These results may extend the 
literature experience of huge impulsive pressures acting on recurved walls to dike-type structures with 
crown walls under non-breaking waves.  
A second important result is related to the effects of Gc. From the plots of Fig. 8 and the values 
reported in Tab. 4, it is evident that the crest width does not play a systematic role in the reduction of 
the wave loads, differently from the cases of breaking waves. In some cases, the p-values are even 
higher in case of Gc=0.30 m than Gc=0.15, especially at P2 and P3. The marginal effect of Gc is again 
related to the non-breaking, energetic wave conditions characterizing the flow over the structure crest 
(see Fig. 8). Furthermore, the higher run-up level associated to the non-breaking surging wave 
conditions determines thicker overtopping layers along the dike crest (compare Fig. 5 to Fig. 4) and 
the thicker the water layer, the less affecting the friction in the boundary layer along the structure crest 
and therefore the lower the wave energy dissipation.  
 
 
Fig. 8. Vertical profiles of the dimensionless p250 values at P1, P2 ad P3. Comparison between the same tests with and 
without parapet (same colour, continuous and dashed lines, respectively) and between the same tests with 
Gc=0.15 and 0.30 m (blue and grey colour, respectively). Panel a: structures at Ac/Hs=0; panel b: structures at 
Ac/Hs=0.5. cot(α)=2, hw=0.04 m for all the plots. 
 
Tab. 4. Dimensionless average values of p250 at P1, P2 and P3. Average values among the whole 
dataset of tests at cota=2 (column “average-c4”) and comparisons between: structures with 
and without parapet (columns “wall”-“wall+p”); structures with Gc=0.15 and 0.30 m; tests at 
Ac/Hs=0 and 0.5.  
Pressure  
transducer 
p250/(ρgHs) [-], tests at cot(α)=2 (non-breaking waves) 
average – cot(α)=2 wall wall+p Gc=0.15 m Gc=0.30 m Ac/Hs=0 Ac/Hs=0.5 
P1 1.91 1.79 2.00 2.01 1.76 2.03 1.78 
P2 2.37 2.16 2.56 2.19 2.62 2.72 2.03 









































128 new small scale experiments on wave overtopping and wave impacts at dikes with crown walls 
and parapet have been carried out in the wave flume of the Hydraulic Laboratory of Bologna. The 
tested conditions consisted of irregular wave attacks and included both breaking non-breaking waves, 
with breaker types ranging from plunging (ξm-1,0 ≈1.23-2) to surging (ξm-1,0 ≈2-4). Different structure 
configurations were considered, by varying the dike slope, the crest width and freeboard, the crown 
wall height and the inclusion of not of the top parapet. Specific objective of the investigation was to 
carry out a systematic analysis of the effects of the structure geometrical parameters on the wave 
impacts acting on the crown walls. 
A first analysis was carried out to associate each tested configuration to a specific breaker type. In 
agreement with the literature (Bullock et al., 2007; Plumerault et al., 2012), it was verified that the 
nature and the magnitude of the impact loads and the shape of the pressure signal consequent to the 
wave impact are strongly dependent on the breaker type and the amount of air pockets entrapped. The 
maximum pressure peaks associated to the most violent impacts are associate to surging non-breaking 
waves and low air entrapment conditions.  
The signals of the wave pressure of each test have been further analyzed to calculate the statistical 
values of practical interest, p250 and pmax and reconstruct the vertical profiles of the wave pressures 
along the crown walls. By comparing the statistics resulting from the different configurations, the 
following main outcomes were found. 
 
• The maximum pressures are localized around the mid-section of the crown wall, were most of the 
impacts are concentrated. 
• A substantial difference occurs between the tests in breaking/broken and non-breaking wave 
conditions.  
• In case of breaking/broken waves, the crest width Gc significantly contribute to reduce the 
magnitude of the impacts. For the same test conducted against the same structure, reductions of 
p250 up to 60-70% were observed in case of larger Gc configurations. Increasing the crest width 
might represent an effective method to reduce the enhanced loads due to the introduction of the 
parapet on the crown wall. 
• In case of non-breaking waves, the effect of Gc is negligible. On the contrary, the inclusion of the 
parapet induces a severe increase of the p250–values along the whole vertical section of the crown 
wall. The average rate of increase of 50-70%. From a practical point of view, it is suggested to 
avoid the inclusion of parapet in case the structure is expected to be subjected to surging waves. 
 
These small-scale tests may be affected by side wall effects, viscous forces and surface tension. 
However, the good agreement of the measured and theoretical discharges (Zanuttigh & Formentin, 
2018) demonstrates a modest effect of the walls, while the visual observation of the  turbulent flow 
and of the air entrainment are a clear sign that the viscous forces and the surface tension are limited. 
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